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INTRODUCTION
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— luminosity increase

— Increase beam lifetime
— decrease emittance

EEquiIibrlum between

IBS & e-cooling ]

Quelle [8]
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INTRODUCTION

beam temperature lv|-dv

mechanic

m
= = E, =—<v'>

kin~

thermodynamics
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Quelle ,Physik der Teilchenbeschleuniger und lonenoptik®, Hinterberger
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INTRODUCTION

lon temperature

P, = m v, *

Ap=m(yAv*+vAy)
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Quelle [3]
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INTRODUCTION

lon temperature

Az
K=l3355)
O Sty
/ "dhlrlChtung
s
Hill'sche DGL
I 1 1 A "
x (s)* % - kx(s)Hx(s): 2P z'"(s)+ k.(s)z(s)= 0
p(s) p(s) py
A
— assumption: only lineare optic
DIPOL — weak focusing
POL
QUADRO

POL

Quelle [3]

GSI Gruppenseminarvortrag :
Electron Cooling



INTRODUCTION

lon temperature

.

Hill'sche DGL
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Quelle [3]
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INTRODUCTION

lon temperature

\ / transversale temperature \

kT =me 8 Q4 Q)%
N /

decrease Ap/p — decrease T|| decrease trans. Emittanz — decrease T|

Quelle [3]
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WORKING PRINCIPLE
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200 keV electron beam

400 MeV/u ion beam

Quelle [7]
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WORKING PRINCIPLE

longitudinal cooling force

/ Y v o< <v \ "ENERGY LOSS IN MATTER '
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Quelle [7]
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WORKING PRINCIPLE

binary collision model

Momentum transfer

Qe
A p*[]

P vDh
Energy transfer
Ap *(b \Ign Elektron /
A EeleD (b) = A Eionﬂ (b) - ];D ( ) * = beam system v >0
m
¢ Cooling Force )

ME _ Qe'n * dE  dE

Fre Zp B2 ds,ds,

%3
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/Cooling time D
A : [ O'n *Lc

3
. my, Lmm,v */

¥

c

Quelle [7]

GSI Gruppenseminarvortrag :
Electron Cooling



eeeeeeeee

S| Gruppenseminarvortrag :
Electron Cooling



WORKING PRINCIPLE
binary collision model




WORKING PRINCIPLE

Cooling Force
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Quelle [7]
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WORKING PRINCIPLE

/ COLLECTOR ~ SOURCE \
N
/

\ v

Quelle [7]
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WORKING PRINCIPLE QYY)

Produce cold electrons ° Ol
Kathode Anode drift pipe \ <« 7
T :1200K I
-7000V  -1100V OkV
>»

.
|
|
|
|
|
|

Photocathode kT. =10 meV (can be reduce with low T. [14])
Thermocathode kT, > 100 meV

Quelle [1.2]
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WORKING PRINCIPLE

Produce cold electrons & keep them cold / \
KT Liouville’sche Theorem
B C
< 1 oz ll Ayhp, = const.
N —_—
é kT E T, . - Aybp, _ const
()
| £ Sz g S p
t @ S 100107 \ Adab. Suspension /
. T
S This is not a real cooling process!
E 1
/ A \ BD = const r,. B = const |1 U7,/ 1.
Bgun )
A B, (high field) | B aellow field)
Beollect & I
N >
Quelle [1,2, 14]
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WORKING PRINCIPLE

Adiabatic collision

101 g | llIIIII I T IIIIII] T T IIIIII| T | 'I'IIII'E ;
i S i v, = 3000 m/s ]
interact cyclotron — — adia —
= - ' ]
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magnetized cooling ; :
Te=Ty<< T ™ ] ~__not ma \ E
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DIAGNOSTIC & APPLICATION

DIAGNOSTIC
* longitudinal Schottky (GSI)
 Transversal Schottky (GSI)

» Residual Gas Monitor (GSI)

APPLICATION
* MASS MEASURMENT OF EXOITC IONS @ ESR
» GSI| ESR crystalline beams

ESR Elektron Cooler (300 keV)

Quelle [7]
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DIAGNOSTIC

Long Schottky

<3 A [T\ after cooling
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Quelle [3,5]
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DIAGNOSTIC

Long Schottky
coasting beam

Aes.Bw 100.0 Hz[3dB]  Vid.Bw 30 Hz

@ﬂate 27.Jul.'9%0 Time 0927, 32 AF. At 10 dB
Ref .Lev Marker -92. {9 dbm CF.Stp 1.500 kHz
-72.00 dBm  14.55952 MHz Unit [dBa)
100 X 18+
Ar

90 % |

i h= 10th

70 %

. Cooled Beam |
50 ¥ [
40 % .
L—H* ﬂpfpnxz}f{ 1'[:'_5

30 X - | |

0 X R Y} Uncooled Beam

10 % | ) .,'-‘:'iﬂ'ﬁ- ] o 1 y _i. .

| i
I3 Start Span Center Sweep  Stop
t4.5520 MHz 15.000 kHz 14,5595 MHz 15.0 5 14.5670 MHz
GSI| Storagering
Quelle [3,5]
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DIAGNOSTIC

Transversale Schottkyspektrum
(dipol displacement)

Seitenbander
Ber:atron- y betatron lines 1
schwingung {d2A
Yy M—2 n (b)
I: }\1 ] f{t
( [ 40
}_A—'"' ) I | iy
Py R
SRR R
(a) J/T\ L l j/’f\{
’/ + * f
(3) hf h fo+ q f0

Af _ AP include betatron bf . [(n+ Q)U +Q { ]A_p
f. P, freq. spread f i B

Quelle [3,5,9]
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DIAGNOSTIC

Transversale Schottkyspektrum

(dipol displacement)

1 MHz carrier frequency
Number of harmonics : 1
qis setto 0.3 witbgeof 0.01

Frequency: 1 MHz RBW: 2 kHz
Span: 1MHz (Mormal)
Input Att:  —- Trace 2 (Off)

Marker: 12779296875 MHz
-66.75 dBm (-99.76 dBm/Hz)
-40
dBm

2
dB/

-120
dBm

Center: 1 MHz Span: 1 MHz

Marker: 977 9295875 kHz
-02.692 dBm
0= 0 block
-87
Block
0

dBm

=100
dBm

0
Block

Center: 1 MHz

Span: 1 MHz

Quelle [3,5,10]
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DIAGNOSTIC

lonization beam profile monitor (IPM)

» Spatial resolution 0.1mm
* 10 profiles /ms

J

Camera

MCP-Phosphor module
of rectangular shape

| MCP test module
i with doubled filament

:B iy ..

chamber

lon Channels
ﬂ\ 1

MCP1 T

vee2 (g ] =

. :I.. Electrons

Phosphor
(Anode) Charge signal

Quelle [6]
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DIAGNOSTIC

lonization beam profile monitor (IPM)

400 MeV/u MULTITURN INJECTION
electron cooling acceleration T T
r r - r r r T T r 1 T 7 | R :

12 - - Injection Region
— A [ g ERe & .
g 10 , _~Adab. - :
E g . 30F :
® 6 . - i
5 10ms/profile = DO ;
T 4 ] E :
E oo | . _ | - i

st 2nd 3rd 4th 5t injection — 107
?Eg ] e i
o = ' - - 8
: horizontal 11 4MeV/iu U™ e
= - rrartimo ) - H L -
2 16 vertical - | 5 -10
» de—transformer i P ] C
2 10 " = _onk <
8 ;
[ I
z 30F ;
.."hju - Acceptance
T 0 A0k Storage Region mormmmrad

Quelle [6]
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DIAGNOSTIC

lonization beam profile monitor (IPM)

400 MeV/u
electron cooling acceleration
12 _| ! ! ! ' ! ! ! ! ! | ! ! ! ! | ! ! _ C
‘B10 - | 1400 - 40 5 18+
E g — 1 1200 F r — =400 s
s g L | _ 10ms/ fil - C 350 MeV/u — =100 s
2.0 Wy ms/profile 11000 £ 1,=50mA =50
; 2lat em 3 4™ 5™ injection 1 200 b Ln=40pA =0
20 0 o B
E.IS .hcr.izc.n.tal 11.4MeVu U™ 600 1.=0.054
- — { i al - | 1 L
g 0 dc traru;:fm‘m“er‘ .- ) // ‘ i 400 F ?e = f;czll(:_;/cm_3
[ v = e
;g . 20{} a es
é 0 “ .

-20) -10 0 10 20
position [mm)]

Increase phase space — increase IBS — increase min R

Quelle [6]
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APPLICATION

MASS MEASURMENT OF EXOITC IONS @ ESR

Bending radius (R)

" s
OB

Long Schottky

[f AR _ b (m,,10) E Ap]
Po

7 m, /0 |

AL, Lm0,
f N 0

- >
pP

Orbit with A(m/q)>0

Design orbit

/In order o measure m/q with \

high precision there are fwo options:

1) make n=0:
manipulate quadrupoles strength

2) reduce Ap/p:

e.g. electron cooling

J

Quelle [13]
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APPLICATION

10k 92+ ~ GSI-ESR
: U™ 360 MeV/u P >
: -~ : :
P o / Cooling of ion beams \
£ E _ / Equilibrium between
o fcrystalline IBS & e-cooling
- beam
¥ extreme phase space density
l: [ =250 mA
sl ol d ol ol d ol sl
100100 100 10t 100 107 10 ordered structure
number of stored 1ons \\ crystalline beam /
1500
w 1000
K — powerful for highly charged ions beams
* Q%)
=00

— limited by the electron temperature

Quelle R.W. Hasse, M. Steck, ORDERED ION BEAMS, EPAC 00
App (x10°°) Quelle: Phys. Rev. Lett., 88, 174801 (2002)
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TECHNICAL & PHYSICAL ISSUES

« MAGNETIC FIELD IMPERFECTIONS — kT”if

« BEAM MISALIGNMENT

« SPACE CHARGE OF e-BEAM & COMPENSATIONS

 LOSSES BY RECOMBINATION
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Continuum

bound states
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CONCLUSION

E-cooling is powerful tool

o for multiturn injections

 to decrease the momentum spread & beam emittance
e to increase luminosity & beam life time

» to generate crystalline beams
 to determinate mass/q for exotic ions
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Produce cold electrons

Photocathode kT. = 10 meV Thermocathode kT, > 100 meV

Energy distributions of photoelectrons
“2D"-measurement

(E,, E )
300 K 790K
>
L
E
>
&0
L
=
o
=-
=
5
2.
B0
=
)
ol
0 100 200 300 0 100 200 300
Transverse Energy, [meV] Transverse Energy, [meV]

D.A. Orlov et al., APL, 78 (2001) 2721;



BACKUP

Long Schottky

bunched beam

=40 ., SEKItE AXrell K AS5kHz
Yam—51.309 AYa2—-G34d.E6m

EGHEH SPEC1 BaAAvg OX0vilp Hann
—_ 5§ . -_ -

4.0 ' —_— «— f, = 1.1kHz=

AD3w

B

Frms

—a5 .0
Fxa X 49 .52k Hz BO .97k

Fluktuation von Stahlteilchen die mit den Synchr..-freq. (fs) oszillieren
— zusatzliche Seitenbander

Quelle [3,5]
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BACKUP

Transversale Schottkyspektrum
(dipol displacement)

Af- Af+
Frequency width of the side bands

Af. =(ntq)xdf = f,dq

« D

- ungerade Anteil des tunes
- Tune spread

- Chromatisitat

- Emittanze

. 4

Quelle [3,5,9]
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Longitudinal kuhlen

/ V>V, Vv, < <§€L \ 4 Energieverlust nach Bohr A
2
e Folie[ | »7, - > _dE i Z n; -~
\ dx meVi materia /
/ ./' - ./" —
./ Vielfach
- JdE - JdE - dE Streuung
N d d de .
energy straggling
~ ~ . . - long. Energy smearing
/ Voo 2 Vis Vg < <V1 \ — Diffusion (D-konst)
- Energieverlust
e Folie i»f}o — Kijhlung (dE/dX)
d
/. D - _(pz (prms)
dt
1 dE dE _ 1 0D
\ + E / \ dx me avi
Quelle [7]
01.02.2010 Introduction to Accelerator Physics WS09 Page-10
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BACKUP

Schottky

Wegen Plattenkopplung
Messung der Spektren

separiert
-
Kapazitve Pick-up
Schottkysonde @ GSI
Quelle [3,5]
01.02.2010 Introduction to Accelerator Physics WS09
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Kuhlkraft

/ \ /mls - Fi(5,,5;)

ms; - FD(SHaSD)'I' D,s,

o

I
S

dE F|'|(S||9‘§D): _all SII

) E FE(S||9SD):_GDSD
o

DA 4

Fokker-Planck-Gleichung

0 ;s = 61 1dim.Verteilungfunktionderlonenim Phasenraum

D = Diffusion(- AufheizunglesStrahls)
F = Kiihlkraft

Quelle [3]
Page-5
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Kuhlkraft

/ \ /mls - Fi(5,,5;) = 0 \

ms, - F (s,s.)t D;s, =0

dE ||(5||’SD)_ 0

F = —
ds FD(SWSD): 0y 8
. DR /

Gleichgewicht

—bestimmt bei e-cooling
Emittanz

Quelle [3]
Page-5
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electron temperature

vector decomposition

V. =V||'L£"+VJ_‘HJ_

i

thermodynamics mechanic
Ekfn=§kBT = = Ekz’n=%<v2>

f=1

— 2
kBTL—m<vL>
KT=m<v?®

B s S

Don’t confuse: beam energy <> beam temperature
(e.g. a beam of energy 100 GeV can have a temperature of 1 eV)
Quelle [3]
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lonen Temperatur
Az
K=l3355)

X,y 15

L St“ahlrlchtu
s s 8
Hill'sche DGL
Ul 1 1 p " —
¥ (s)4 74 <k (s)ix(s)= 222 2"'(s)+ k.(5)z(s) = 0
(5) S) Dy
DIPOL — weak focusing

Momentum spread — 0

Quelle [3]
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ion temperature

Hill'sche DGL

1 1
,, 2 :
OO

x(5)= B (5) cos(9. (5)+ 9,.)

S

[ Ekin(Therm)o- Ekin(Mechan)k}

Quelle [3]
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Cooling rate
/Cooling time D
i 1 - F* D ]e ane *LC
‘ my.  Lmmvy*
A\ 4
4 transversal cooling ratet R 4 cooling rate (longitudinal) R
— j ip,
0z E (e L+ 1)z Lr)e
N Y, P P, Y,

Emittance ¢

Momentum spread ¢

Quelle [3]

Seminar Vortrag WS09/10 :
Electron Cooling



Adiabatic collision

?or iInteraction times Iong\

compared to the cyclotron
period, the ion does not
sense the transversal
electron temperature

magnetized cooling

T

4

ﬂ\ _~— fast collision
F] o\ —_—f
[\ 4 )
' \\ ——— FJ_+FJ_':l
f \ " adiabatic
| \ collision
J \
f \
| | \ )
f | ﬁell << ﬁ'ei
I |
0 1 >
deyl el hv;l
Quelle [1,2]
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BACKUP

Transversale Schottkyspektrum
(dipol displacement)

Frequency: 422,125 kHz Spectrum Length: 2.2 ms Argon 18+
Span: 200 kHz Spectrum Interval: 1.6 ms 100 ms cooling
Input Att: - MNEBAW: 530 612 He Rampto2 GeV in 700 ms
Al-R: -455 15625 kHz Marker: 426,875 kHz
-3.352 dB (2067 dBc/Hz) -98.724 dBm
-4 -202.5125 ms -127 frame
dBrm
10
B,
=]
-100
dBrm
-140 0
dBrm frame
Center: 428,125 kHz Span: 200 kHz Center: 428 125 kHz Span: 200 kHz

Quelle [3,5]
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BACKUP

Beam Transfer Function (BTF)

N M::]: — Ubertragungsfunktion ¢; )
i ANALYZER Kicker — lonenstrahl — Pick up

3 oy o
df
0, Normierte Verteilungsfunktion

< /

Annahme : lonenstrahl hat keine WW
mit seiner Umgebung
— sonst mit
Koppelimpedanz

Quelle [5,8]
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BACKUP

Longitudinale Kuhlkraftmessung mit stocha. Heizung

f N
po(f) o — / Re(r|*(f))df

Metwork Analyzer A {J
HF 43825 Refarancs Fickun
i i Q'n:-.fa' /
. E__‘:. Hicke
Verteilung des lonenstrahls Exctation
1.0 T
08 - .
Digna:
0.6 W80 S SSE Mixer Resonsior
20
o
— 04 r - é
— Fraguancy
:.:25 Synthesizar
QL 02 F .
0.0 WIH
g |
_02 | | | |
3.0850 3.0857 3.0864 3.0871 3.0878 3.0885

frequency f [MHz]|

Quelle [5,8]
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BACKUP

Longitudinale Kuhlkraftmessung mit stocha. Heizung

/" 1D Fokker-Planck-Gleichung ~  |tesssmess s
H Refarznce e BTF

(Z)P( V)t Da—/)( v)=0 \ _:]M Excitoson

1 = Resonatorfinge/ Umfang

Digit=l
Vorgegebener —— |nase soues sz v (I D
Diffusionsterm P longitudinale
stochastische
Fraguancy He|zung
Synthesizar
hetwork Anshyzer
HP 43284,
8 |
Quelle [5,8]
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BACKUP

Longitudinale Kuhlkraftmessung mit stocha. Heizung

) Carr’ler |
i 2
i D dUeﬂ
O\ af
//‘“ | |
616 0617 0618

frequency f [MHz]

»
longitudinale
stochastische
Heizung

4

hetwork Anshyzer
HP 43082,

Quelle [5,8]
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BACKUP

Longitudinale Kuhlkraftmessung mit stocha. Heizung

Korregierter Realteil der Transferfunktion s
3 I I I I
Metwork Ansyzar A <]
2 L _ HPF 43088 =T J—— Fickup
R
Ampiifier
? 1 - _ — K /
S e Hicke
= 0 L
= Excitation
=
S l
_2 - —
| | | 1 D]
-3 Molae Sourcs i Al a8 ity
3.0850 3.0857 3.0864 3.0871 3.0878 3.08 RN e
frequency f [MHz]
Freguency
Synthesizar

f L
oo (f) x — / Re(r|*(f))df

hetwork Anshyzer
HP 43082,

Quelle [5,8]

Seminar Vortrag WS09/10 :
Electron Cooling



BACKUP

Measuring the long. cooling force by diffusive heating

10 I ]5 I

12 6+ = 147 - - = 0.57’
: C 733M€V - 187 ——D = 071 B

B _ -3 = 2157 — D = 0.94
n, = 8E£06cm - ora - D = 175 4

—_ | - =333| ™ | Lz A | ----- D = 297
> 6 1,7 20ud - =2 D-z2o7

Sl Jop = 9.6 |
- ’f’q‘:
> 2
Tal . i
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